ABSTRACT In amniotes, the amniotic fluid is a significant contributor to fetal development and health. While numerous studies have been conducted in mammalian amniotic fluid, the composition of amniotic and other extraembryonic fluids in avian egg along with their physiological functions remain largely unexplored. In such a context, our objective was to characterize the chicken amniotic fluid (AmF) and allantoic fluid (AlF) properties, protein composition, and some associated functions from day 8 to day 16 of incubation. SDS-PAGE combined to mass spectrometry analysis revealed common and specific proteins to each fluid, suggesting distinct properties and functions. Indeed, major AlF proteins are mostly "egg yolk" proteins involved in lipid, vitamin metabolisms, and metal ion transport, while major AmF proteins resemble those of albumen. Drastic changes in the AmF protein profiles were observed during incubation, when the albumen transfers from day 12 onwards, while few changes were detected for the AlF protein profile. The decreases in osmolality (from 231 to 183 mOsm/kg) and pH (from 8.26 to 7.26) observed in the AlF during incubation are associated with water and electrolytes reallocation for the embryo needs. In contrast, AmF pH value remained stable (≈7.5). Active proteolytic enzymes have been identified in the 2 fluids using gelatin zymography, followed by mass spectrometry analysis for protease identification. A total of 12 proteases was detected in the AlF, compared to 5 in the AmF. We have shown that AlF concentrates proteolytic enzymes assumed to participate in digestive processes: aminopeptidase N, dipeptidyl peptidase-4, meprin A, and 72 kDa type IV collagenase preproprotein. The other proteases identified in both fluids also could have a role in morphogenesis (hepatocyte growth factor activator, suppressor of tumorigenicity 14, astacin-like metalloendopeptidase) and hemostasis (prothrombin and coagulation factor X). Altogether, these data suggest that the roles of chicken AlF and AmF are not merely associated with protection of the embryo and regulation of metabolic disposable wastes, but also they could have more sophisticated roles during embryonic development.
INTRODUCTION
The avian egg is basically composed of the eggshell (ES), the albumen (EW), and the egg yolk (EY), which contain all the nutrients and biological activities required to support the development of an embryo outside the hen's body ( Figure 1A , ED0). However, during its development, the avian embryo requires additional egg structures to maintain its vital functions, such as breathing and digesting, since its organs are not fully functional. These compartments, called the amniotic, (chorio) allantoic, and yolk sacs (Figure 1A, ED4) are found in birds, reptiles, and mammals but might have different roles in these oviparous or viviparous C 2017 Poultry Science Association Inc. Received November 23, 2016. Accepted March 1, 2017. 1 Corresponding author: Sophie.rehault-godbert@inra.fr species. In humans, the amniotic fluid (AmF) protects the embryo by cushioning against shocks, and by providing molecules with antimicrobial activities (Cho et al., 2007; Michaels et al., 2007) . However, in birds, the biochemical properties of the AmF have not been fully studied yet, and the transfer of EW proteins in the amniotic sac from day 11 of the development (ED11) onwards suggests an additional role of the fluid in nutrition and possibly digestion. Indeed, the impact of the AmF on the EW components before its oral absorption by the embryo is not well characterized, as well as the fate of EW components. It is believed that the resulting mix is somehow digested to provide essential amino acids to the embryo (Romanoff, 1960; Freeman and Vince, 1974) . The sequential transfer of the EW from the amniotic sac to the embryo, then to the yolk and allantoic sacs is the ongoing hypothesis for EW transfer and its assimilation by the embryo ( Figure 1B ) (Romanoff, 1960; Geelhoed and Conklin, 1966; Carinci and Manzoli-Guidotti, 1968; Yoshizaki et al., 2002;  Figure 1. Schematic representation of the formation and the evolution of the extraembryonic structures of the chicken egg from day 0 to day 16 (ED0-16) (A); (B) diagram showing the assimilation of the egg white (EW) and egg yolk (EY) proteins by the embryo as described in the literature (adapted from Yoshizaki et al., 2002) : EW proteins are transferred into the amniotic sac from ED12 onwards (1→2), and orally absorbed by the embryo (2→3). Proteins are partly absorbed by the intestine and redirected to the embryonic organs, while the remaining proteins are transferred to the yolk sac via the yolk stalk (3→4). Then, EW and EY proteins are digested and absorbed by the YSM (4→5) and transported to the embryo via the area vasculosa (5→6). After being metabolized by the embryo, the remaining proteins/peptides are secreted into the allantoic sac (6/3→4 ) via the allantoic stalk. We hypothesized that this fraction of proteins/peptides could be digested and reabsorbed by the allantoic membrane (4 →5 ) and redirected to the embryo via the chorioallantoic capillary plexus (5 →6). Moran, 2007) . After being transported in the yolk sac through the intestine and then the yolk stalk, EW proteins, but also yolk proteins, are thought to be digested by yolk proteases (Yadgary et al., 2011; Speier et al., 2012) and then taken to the embryo via the area vasculosa ( Figure 1B ) (McIndoe, 1960; Bauer et al., 2013) . As suggested first by Romanoff, once they are metabolized by the embryo, the EW components are probably secreted in the allantoic sac, which collects fetal urine and form a part of the allantoic fluid (AlF) (Romanoff, 1960; Freeman and Vince, 1974; Yoshizaki et al., 2002) . Until the post-hatch transition to intestinal absorption of nutrients, the main digestive organ of the avian embryo has been described as the yolk sac (Yadgary et al., 2014) . Specific enzymes and amino acid transporters have been reported to be expressed by the yolk sac membrane (YSM) (Yadgary et al., 2011; Speier et al., 2012) , but information is still missing concerning the other extraembryonic structures. Knowing that EW contains many antiproteases, which are assumed to prevent EW proteins from early proteolytic degradation (Saxena and Tayyab, 1997) , we hypothesized that other fluids such as the AmF and the AlF would participate in such digestive processes.
The hypothesis is further strengthened by the fact that in birds the allantoic sac, like the yolk sac, has been defined as a diverticulum of the embryonic intestine, and thus could be a possible extension of its capacities in absorbing nutrients. At ED5 to 6, the allantoic sac starts to fuse in some areas with the chorion, and forms the chorioallantoic membrane (CAM) (Figure 1A , ED16), a highly vascularized membrane that functions in calcium and oxygen transport (Gabrielli and Accili, 2010; Everaert et al., 2011) . The chorioallantoic capillary plexus, as the area vasculosa, could therefore be a way for the digested products to be redirected to the embryo ( Figure 1B) .
The characterization of physicochemical and biochemical properties of both the chicken AmF and AlF and their role in digestion processes remain poorly understood. In this article, we explored first the evolution of their protein contents by SDS-PAGE combined to mass spectrometry analysis, while measuring some of their physicochemical properties. In parallel, we investigated the presence and activity of proteolytic enzymes using enzymatic assays and mass spectrometry analysis at various phases of development, to better appreciate the potential role of each fluid in proteolytic activation of protein precursors and/or digestiondegradation processes.
MATERIALS AND METHODS

Incubation Procedures and Fluid Sampling
Fertile eggs were obtained from laying hens (ISA Brown, Hendrix Genetics, St Brieuc, France) at 62 wk of age in the UE1295 (INRA, F-37380 Nouzilly, France). Eggs were incubated under standard conditions (45% RH, 37.8
• C, automatic turning every hour), after a 3-day storage at 16
• C, 85% RH to favor synchronization of developmental stages. For each embryonic day studied (ED8, 10, 11, 12, 14, and 16) , 25 eggs of the same size and weight (60.60 ± 4.80 g) containing viable embryos (checked by candling) were selected. Eggs were tested with the Acoustic Egg Tester (KU, Leuven, Belgium), and the cracked eggs were discarded. At each stage, AlF was sampled with a syringe through the chorioallantoic membrane, after removing the eggshell at the blunt end of the egg. EW was sampled with a syringe after drilling a hole in the eggshell in the pointed end of the egg. The egg content was further poured into a Petri dish and the AmF was recovered with a syringe through the amniotic membrane. By ED14 and ED16, the EW was collected in the Petri dish with pliers due to its high viscosity. In case of contamination by other components (blood, extraembryonic membranes), sampling was immediately stopped. All samplings were conducted under sterile conditions. All experiments were conducted in compliance with the European legislation on the "Protection of Animals Used for Experimental and Other Scientific Purposes" (2010/63/UE) and under the supervision of an authorized scientist (S. Réhault-Godbert, Authorization no. 37-144).
Physicochemical Parameter Measurements
Immediately after collecting, AlF and AmF samples were centrifuged at 3,000 g (10 min, 4
• C) to remove contaminants such as blood cells or meconium. Volumes and pH (Microelectrode pH InLab 423, Fisher Scientific, Illkirch, France) of each sample were measured. Osmolality was determined using a freezing point depression osmometer (Fiske Mark 3 Osmometer, Advanced Instruments, Niederbronn Les Bains, France). Osmolality from AmF samples at ED12, 14, and 16 was assessed after removal of protein content (which interferes with osmolality measurements) using a filter system with a cut-off of 3 kDa (Amicon Ultra 0.5 ml 3 K, UFC500396, Millipore, Molsheim, France).
Samples Preparation
After analysis of their physicochemical parameters and their protein profiles on SDS-PAGE, 9 homogenous samples were pooled for each stage and each fluid studied, and used for SDS-PAGE, mass spectrometry, and zymography analyses (equal volume of samples with equivalent protein concentration). Total protein concentration was determined by the method of Lowry with the BioRad DC Protein Assay Kit II (500-0116, BioRad, Marnes-la-Coquette, France), using the bovine serum albumin (Sigma-Aldrich, Saint-QuentinFallavier, France) as the standard. For analysis of the proteolytic activity in solution, 3 independent samples among the 9 initially sampled were used as biological replicates.
Sodium Dodecyl Sulfate-polyacrylamide Gel Electrophoresis
AlF (ED8 to 16) and AmF (ED8 to 11) samples were concentrated 10 times using a SPD1010 speedvac system (ThermoSavant, Thermofisher Scientific, Bremen, Germany). The resulting fluids were sonicated 10 min and stored at 4
• C. SDS-PAGE was conducted under non-reducing conditions using a MiniProtean II electrophoresis cell (BioRad, Marnes-laCoquette, France). Concentrated samples containing loading buffer (0.25 M Tris-HCl, 0.05% bromophenol blue, 50% glycerol, and 5% SDS, pH 6.8) were loaded onto a 12.5% acrylamide-bisacrylamide gel. Because protein concentrations of ED12-16 AmF samples and ED0, ED8-16 EW samples were very high (>200 μg/μL), only 10 μg of each sample were loaded. After migration, gels were further stained with Coomassie blue solution.
Proteolytic Activities
Proteolytic activities in AmF and AlF were detected using gelatin zymography, as previously described (Réhault-Godbert et al., 2008) . Samples were separated by SDS-PAGE as described above, while maintaining the electrophoresis system at 4
• C to avoid protein degradation. After migration, gels were washed in 2.5% Triton X-100 and incubated in activation buffer (150 mM NaCl, 50 mM Tris, 10 mM CaCl 2 , and pH 7.5) overnight at 37
• C to allow gelatin proteolysis, followed by Coomassie blue staining. MMP-2 (Cat# PF069, Calbiochem, Darmstadt, Germany) and trypsin (T9201-500MG, Sigma-Aldrich) were used as positive controls for metalloprotease and serine protease activity, respectively. In parallel, a gelatin-free SDS-PAGE was conducted; bands corresponding to gelatinolytic activities on gelatin gel were cut and further analyzed by mass spectrometry. In addition, the proteolytic activities of biological samples were assayed in solution using 150 mM NaCl, 50 mM Tris-HCl, 10 mM CaCl 2 , and pH 7.5 buffer. The reaction mixture consisted of 0.3 mM of N-(p-Tosyl)-Gly-Pro-Arg-p-nitroanilide substrate (T1637, Sigma-Aldrich) and trypsin as the control (2 nM) or 50 μl of crude samples. The presence of proteolytic activities in samples was assessed by measuring the absorbance at 410 nm during 20 min at 37
• C, under stirring. Each reaction was performed in triplicate using a microplate reader (Tecan, Infinite M200, Tecan France S.A.S., Lyon, France).
Identification of Proteases by Mass Spectrometry
The SDS-PAGE bands corresponding to major proteins or to gelatinolytic activities (assessed by zymography) were excised from the gel after Coomassie blue staining and further rinsed separately in water and then acetonitrile. They were then reduced with dithiothreitol, alkylated with iodoacetamide, and incubated overnight at 37
• C in 25 mM NH 4 HCO 3 with 12.5 ng/μL trypsin (Sequencing grade, Roche, Paris, France) as described by Shevchenko et al. (Shevchenko et al., 1996) . Peptide extractions were pooled and dried using a SPD1010 speedvac system and the resultant peptide mixture was analyzed on a LTQ Orbitrap Velos Mass Spectrometer (ThermoSavant, ThermoFisher Scientific, Bremen, Germany) coupled to an Ultimate R 3000 RSLC chromatographer (Dionex, Amsterdam, The Netherlands), as previously described by Marie et al. (Marie et al., 2015) . MS/MS ion searches were performed using Mascot search engine v 2.2 (Matrix Science, London, UK) via Proteome Discoverer 1.3 software (ThermoFisher Scientific) against the NCBI database with chordata taxonomy, using the same parameters as described by Marie et al. (Marie et al., 2015) . Mascot results obtained from the target and decoy database searches were subjected to Scaffold 4 software (v 4.4, Proteome Software, Portland, Oregon). Peptide and protein identifications and validations were performed using the Peptide Prophet algorithm and by the Protein Prophet algorithm, respectively (95.0% probability, at least 2 different unique peptides).
Statistical Analysis
Physicochemical parameter measurements were analyzed by R Statistical Software (R Foundation for Statistical Computing, Vienna, Austria). The data were log-transformed to maintain normality and homogeneity of variance. Comparison between stages and fluids was performed using a 2-way ANOVA. The results were expressed as means ± SD. Significant effects and interactions (P-value < 0.05) were further evaluated with Tukey's test for pairwise comparisons.
RESULTS AND DISCUSSION
Amniotic and Allantoic Fluids have Common and Specific Proteins with Distinct Functions
Similarities among the AmF, AlF, and EW contents have already been observed (Geelhoed and Conklin, 1966; Carinci and Manzoli-Guidotti, 1968; Sugimoto et al., 1999) , but the specific protein compositions of both AmF and AlF have never been elucidated. To gain a better understanding of the evolution of their compositions during development, we have studied the SDSelectrophoretic patterns of proteins under non-reducing conditions, selecting 8 stages of the embryonic development: ED8 and ED16, which correspond to the limit stages for which we had a significant volume of AmF and AlF; and ED10, 11, 12, and 14 to assess the kinetics of the EW transfer. Results are illustrated in figure 2A, 2B, and 2C for AmF, AlF, and EW, respectively. AmF electrophoretic profiles were similar from ED8 to ED11 (Figure 2A ) and exhibit 6 major bands at 250, 60, 55, 52, 37, and 31 kDa. By ED12, the EW transfer in the amniotic sac was clearly visible, with a protein concentration largely increased from about 0.01 μg/μl at ED11 to 200 μg/μl at ED14. Biochemical characterization of the chicken EW proteins has been well documented (Mann, 2007; D'Ambrosio et al., 2008; Omana et al., 2011; Liu et al., 2013) , and the major bands appearing on the SDS-PAGE gel ( Figure 2C ) have been assigned to ovomucin (233 kDa), ovotransferrin (70 and 76 kDa), ovoinhibitor (50 kDa), ovalbumin (37-40 kDa), and lysozyme C (14 kDa). No significant alteration in EW protein profiles throughout incubation (ED8 to ED16) could be detected, which is consistent with previous publications reporting the stability of EW protein profile during the first stages of the embryo development (Liu et al., 2013) . Protein profiles of AmF in the late stages (ED>11 d) (Figure 2A ) clearly resemble those of EW ( Figure 2C ), suggesting that the EW content is not modified, even after its transfer to the AmF. EW protease inhibitors are assumed to prevent EW proteins from early proteolysis (Saxena and Tayyab, 1997) and might also control proteolysis in the AmF, after EW transfer. However, although no changes have been observed in the major protein contents, putative changes in minor proteins, and, therefore, fluid activities, cannot be excluded, as shown recently by Guyot et al. (Guyot et al., 2016) . Unlike AmF, the AlF protein profile remained relatively stable over the period analyzed, with no evidence of EW transfer at ED12 ( Figure 2B ). However, previous studies reported the presence of EW proteins in both AmF and AlF, such as ovalbumin and cystatin, even before EW transfer (Sugimoto et al., 1999; Cirkvenčič et al., 2012) .
Altogether, these data suggest a 2-step mechanism: a first transport of EW components in small amounts into the AmF and the AlF before ED12, followed by a massive transfer of EW (after ED11) into the AmF, which is then orally absorbed by the embryo and may be then partly recovered in the AlF ( Figure 1B ). To test this hypothesis, the major bands appearing on the SDS gel at ED11 for the AmF and ED16 for the AlF were excised from the gel (6 bands for AmF, Figure 2A ; 10 bands for Alf, Figure 2B ) and analyzed by mass spectrometry to identify the major proteins, and better appreciate the potential origins of AmF and AlF Figure 2 . SDS-PAGE analysis of the amniotic (A) and allantoic (B) fluids and the egg white (C) from embryonic day 0 (ED0) to 16 (ED16), with the corresponding zymographies (D, E, and F, respectively), conducted under non-reduced conditions. Molecular weights are expressed in kDa. Equal volumes of crude amniotic and allantoic fluids were analyzed (16 μl/lane), except for the amniotic fluid from ED12 to ED16 (and egg white ED0 and ED8-16 samples) for which 10 μg of proteins per lane were used for the experiment. A pH 7.5 buffer with Ca 2+ was used for the zymographies (incubation overnight at 37
• C). Numbers and letters correspond to bands analyzed by mass spectrometry analysis to identify major proteins and proteases, respectively. protein contents (Table S1 ). Correspondence with the AlF at ED11 has been made based on similarities between ED11 and ED16 profiles. Thus, 10 major proteins were identified in the AmF (Table 1) , whereas 15 major proteins were identified in the AlF (Table 2) . Ten proteins were common to both fluids. According to the normalized total spectra and emPAI (Table S1 ), the major bands in the AlF fractions ( Figure 2B ) were assigned to apolipoprotein B (APOB) and fibronectin (FN1) at about 250 kDa, ovotransferrin (TF) at 73 and 60 kDa, alpha-fetoprotein (AFP) at 55 kDa, serum albumin (ALB) at 52 kDa, vitamin D-binding protein (GC) at 48 kDa, ovalbumin (OVAL) at 40 kDa, transthyretin (TTR) at 31 kDa, apolipoprotein AI (APOAI) and extracellular fatty acid-binding protein (Ex-FABP) at about 17 kDa, and, finally, lysozyme (LYZ) at 14 kDa (Table 2) . APOB, APOAI, ALB, Ex-FABP, GC, TTR, and TF proteins are originally synthesized by the hen liver and stored in the follicles/EY during its formation (Mann and Mann, 2008; Bourin et al., 2012) . Another synthesis of some of these precursors (ALB, AFP, APOB, TTR, and APOA1) occurs during the development in the YSM while the embryo liver is not fully functional (Yadgary et al., 2014) . The presence of these proteins in the AlF would confirm a transfer of EY and YSM proteins to the embryo Table 1 . List of the major proteins in the amniotic fluid corresponding to the SDS-PAGE gel bands (Figure 2A) identified by mass spectrometry analysis. The asterisk refers to localizations that are exclusive to fertilized eggs. Normalized total spectra (TS N ) and emPAI (emPAI N ) values for each fluid correspond to the previous "Gel bands" column numbers. MW, molecular weight. Table 2 . List of the major proteins in the allantoic fluid corresponding to the SDS-PAGE gel bands ( Figure 2B ) identified by mass spectrometry analysis. The asterisk refers to localizations that are exclusive to fertilized eggs. Normalized total spectra (TS N ) and emPAI (emPAI N ) values for each fluid correspond to "Gel bands" column numbers. MW, molecular weight. via the area vasculosa (Bauer et al., 2013) , and then to the AlF after being metabolized by the embryo ( Figure 1B ) (Romanoff, 1960; Geelhoed and Conklin, 1966; Carinci and Manzoli-Guidotti, 1968; Yoshizaki et al., 2002) . On the other hand, the major bands in the AmF fractions at ED11 (Figure 2A ) were attributed to immunoglobulin Y (IgY) at about 250 kDa, TF at 60 and 55 kDa, AFP and ALB at 52 kDa, OVAL at 37 kDa, and TTR and vitellogenin-1 (VTG1) at 31 kDa (Table 1). As mentioned above, some of these proteins originate from the EY (TTR, ALB, and VTG1), which could indicate a transport of specific EY proteins into the amniotic sac, maybe via the area vasculosa (Bauer et al., 2013) , or via the sub-embryonic fluid, which is described as the primary source of both the AmF and the AlF (Romanoff, 1960; Everaert et al., 2011) . Indeed, the sub-embryonic fluid is formed from ED2 onwards by a transfer of EW water into the yolk sac. It accumulates within the yolk, in contact with the embryo's body, and progressively results in AmF and AlF via an unknown mechanism. This mechanism could be associated with a transfer of EW and EY proteins into the extraembryonic compartments ( Figure 1B) . Furthermore, TF, OVAL, and LYZ, which mainly originate from the EW (Mann, 2007; Omana et al., 2011; Liu et al., 2013) , are also found in the extraembryonic fluids before ED12 (Tables 1 and 2) .
On the other hand, the AFP and the TF also have been described as synthesized at a lower level by the CAM and the amniotic membrane at ED14 (Palazón and Rodríguez-Burgos, 1993) , and could be secreted by the membranes into the AlF and the AmF. In addition, Cordeiro et al. demonstrated the presence of the ALB, APOAI, APOB, OVAL, LYZ, and FN1 in the CAM (Cordeiro and Hincke, 2016) . However, to date, there is still no evidence of the expression of these proteins by the CAM itself. Overall, the AlF protein content is similar to the EY content with major proteins involved in lipid and vitamin metabolisms (APOAI, APOB, Ex-FABP, TTR, and GC), as well as in metal ion transport (ALB, TF, and AFP). In contrast, the AmF proteins seem to arise mainly from the EW, even before the transfer of EW proteins at ED12, with OVAL and TF composing about 40% of the AmF protein content at ED11. 
Changes in Amniotic and Allantoic Fluids' Physicochemical Properties Maintain Homeostasis and Water Balance
As described previously by Romanoff, the AmF volume increased slightly from ED8 (1.02 ml +/−0.32) to ED16 (2.36 mL +/−1.42) due to the gradual transfer of the EW into the amniotic sac ( Figure 3A ) (Romanoff and Romanoff, 1967) . Similarly, AlF volume increases from ED8 (0.71 ml +/−0.40) onwards under the urinary inflow and reaches a peak at ED14 (5.7 ml +/−1.47), before dropping to 3.07 ml +/−1.20 at ED16 as a result of the reabsorption of ions by the allantoic membrane. Briefly, the mature allantoic inner membrane starts to transport selectively the sodium and chloride ions from the AlF to the plasma on ED13 (Gabrielli and Accili, 2010; Everaert et al., 2011) . This phenomenon, combined with the removal of soluble uric acid to urates (salt form), causes a significant decrease in the AlF osmolality from 238 mOsm/kg +/−12 at ED12 to 183 mOsm/kg +/−21 at ED16 ( Figure 3C ). This drop may generate an osmotic gradient between the AlF and the plasma (about 270 mOsm/kg), resulting in a flow of water from the AlF, through the allantoic membrane, to the bloodstream and then to the embryo. Furthermore, during the growth phase from ED11 onwards, the embryonic metabolism increases to fulfill embryo requirements in water. Because of the evaporation of water through the eggshell, the allantoic sac serves as a water supply for the embryo. This process of water resorption continues after hatching in the cloaca (Romanoff and Romanoff, 1967) .
Water, ion, and proton transfer also impact the AmF and AlF pHs. From ED8 to ED11, the pH values for the AmF and AlF were stable around 7.7 and 8.3, respectively ( Figure 3B) . These values started to decrease at ED12, when the EW transfer into the amniotic sac begins. Even though the difference is significant (P-value < 0.05), the drop in the AmF pH values remains limited (from 7.78 +/−0.08 at ED8 to 7.04 +/−0.16 at ED16), especially since the pH has been shown to increase again up to its initial value at ED17 (Boutilier et al., 1977) to maintain homeostasis. In contrast to the AmF, the AlF pH drops from more than one unit (from 8.37 +/−0.18 at ED8 to 7.26 at ED16 +/−0.42), and this difference has been described as more important at ED17 to 18, for the AlF remaining in the sac (Boutilier et al., 1977) . Indeed, at ED11 to 12, the embryo metabolism increases to support organ growth causing a general acidosis with an increase in proton secretion in the amniotic and allantoic sacs (Everaert et al., 2011) . To compensate this effect, bicarbonate ions contained in the AlF, mainly originating from the increasing embryo metabolism and from the eggshell solubilization (ED10), are transported in the amniotic sac to maintain homeostatic pH in the vicinity of the embryo (Boutilier et al., 1977; Everaert et al., 2011) . Thus, protons accumulate in the AlF causing a fall in pH, which reaches 5.9 at ED19. Such pH values could have some effect on the AlF proteins and/or protease structures and activities as demonstrated by Banerjee et al., who reported how pH can alter muramidase activity of egg-derived lysozyme (Banerjee et al., 2011) .
Amniotic and Allantoic Fluids are Likely to be Involved in Digestive Processes
The impact of the AmF properties on the EW components and activities after its transfer into the amniotic sac is still unknown, as well as the physiological role of both the AlF and the AmF in EW assimilation ( Figure 1B) . Even if the allantoic sac has been referred to as a diverticulum of the embryo's intestine (Romanoff, 1960; Freeman and Vince, 1974) , its contribution as a digestive organ has not been explored yet. In this context, we studied the proteolytic activities of the 2 extraembryonic fluids to better appreciate their involvement in the EW protein degradation, which is essential to generate free amino acids that are further assimilated by the embryo. AmF, AlF, and EW proteolytic activities were first analyzed in gel using gelatin zymography ( Figure 2D, 2E, 2F , respectively) at a pH value of 7.5 corresponding to the physiological pH measured previously in biological samples ( Figure 3B ). In these conditions, we expected to detect activities of endogenous serine proteases and some metalloproteases but not cysteine or aspartic proteases (which are essentially active in reducing and acidic conditions, respectively). It has to be noticed that the AmF ED12 to 16 and EW fractions have been diluted before gel analysis because of their high protein concentrations. Only 4 proteolytic bands appeared in the AmF fractions from ED8 to ED11 ( Figure 2D, 250, 140 , 85, 50 kDa) vs. 8 for the AlF fractions from ED8 to ED14 (Figure 2E, 250, 140, 85, 53, 45, 40 , 38 kDa) with 3 additional bands at ED16 (75, 70, and 30 kDa). The global signal of both fluids tends to increase slightly during development. However, proteolytic bands detected in AmF disappear after EW transfer at ED12 to 16 ( Figure 2D ). Interestingly, in comparison with the EW at ED12 to 16 ( Figure 2F ), the AmF samples seemed to retain low proteolytic activity, with slight lysis bands around a darker one ( Figure 2D , ED12 to 16). But, since these samples have been diluted before testing, the reduced activity at these stages might rather reflect sample dilution. To test this hypothesis, the proteolytic activities of AmF and EW samples were measured in solution using first N-(p-Tosyl)-Gly-Pro-Arg-p-nitroanilide as a chromogenic peptide substrate for serine proteases with trypsin-like activities ( Figure 4A and 4C, respectively) . In-solution assays using these peptidic substrates are complementary to zymographies, since the latter reveal only proteases with gelatinolytic activities but also zymogen/precursor forms of proteases that are normally inactive in solution. A first test using the same protein quantity as that used for zymographies ( Figure 2D ) did not reveal any trypsin-like activity in the AmF ED12 to 16 fractions (data not shown). But, using crude samples, we were able to demonstrate a trypsin-like activity in the AmF ED12 to 16 fractions ( Figure 4A ). Surprisingly, in AmF and EW crude samples, lower trypsinlike activity was detected in AmF ED8 to 11 samples as compared with AmF ED12 to 16 samples that received EW ( Figure 4A , Table 3 ), while no trypsin-like activity was noticed in EW samples ( Figure 4C ). This reveals that the EW protease inhibitors do not seem to inhibit AmF protease activity, which is quite surprising considering that EW ovomucoid and ovoinhibitor are potent inhibitors of trypsin-like enzymes (Saxena and Tayyab, 1997) . In contrast, the mix between the AmF and the EW seemed to enhance the trypsin activity (Table 3) . On the other hand, an in vitro mix of AmF and EW at ED11 for 24 h at 37
• C to reproduce in vivo mixing of AmF and EW as seen in ED12 sample revealed no trypsin activity (data not shown). This observation suggests additional in vivo mechanisms, such as the possible secretion of proteases by the surrounding membranes to stimulate AmF proteolytic activities, or activation of precursors of EW proteases by membrane-bound proteases during their transfer into Table 3 . Measurements of trypsin-like activities of the amniotic fluid, the allantoic fluid, and the egg white of the chicken egg from embryonic days 0 to 16 (ED0-16) expressed as hydrolysis rates, optical density/hours (mean slopes ±SD). Absorbance due to paranitroaniline release after hydrolysis of the substrate N-(p-Tosyl)-Gly-Pro-Arg-p-nitroanilide was measured at 410 nm during 20 min at 37
• C. Three independent crude samples were used per stage. the amniotic sac. Moreover, the pH cannot explain this increased activity (some proteases are activated at a specific pH), since the EW and AmF pHs were of similar values (around 7.5) before they mixed ( Figure 3B ). As for other serine protease activities, no chymotrypsinlike activity was detected in the samples studied in the present work using N-succinyl-Ala-Ala-Pro-Phe pnitroanilide as the substrate and chymotrypsin as the control (data not shown). Unlike the AmF, the AlF proteolytic activities increased throughout the period studied for in-gel and in-solution assays ( Figure 2E and 4B, respectively; Table 3 ). These data suggest either an increase in the AlF protease concentrations or their progressive activation during incubation. Presence of activators, changes in physicochemical parameters, or inactivation of inhibitors constitute potential hypotheses to explain these observations. But, since specific bands related to metalloproteases appeared on the zymogram in the late stages of the development (75 and 70 kDa), a change in the protein content also should be investigated.
To identify proteases responsible for the proteolytic activities on the AmF and AlF zymograms, each band was cut on the corresponding SDS-PAGE (corresponding bands on figures 2D and 2E, respectively), and further analyzed by mass spectrometry (Table S1 ). Surprisingly, for the AmF, the first and most intense lysis band at 250 kDa did not correspond to any known proteases, likely due the presence of highly abundant proteins, including immunoglobulins Y (Table 1 , Gel band #1), which interferes with the identification of minor proteins. The other lysis bands were associated with the proteolytic activity of suppressors of tumorigenicity 14 (ST14), plasminogen (PLG), and/or transmembrane protease serine 9 (TMPRSS9) (see Table 4 for detailed bands attribution). Two additional proteases were identified at approximately 60 kDa: carboxypeptidase M (CPM) and astacin-like metalloendopeptidase precursors (ASTL), but did not correspond to any lysis band, suggesting that they were inactive in the fluid or inactive against gelatin substrate at this pH. These 5 proteases also were identified in the AlF, with 7 additional proteases, which seemed specific to the AlF: aminopeptidase N (ANPEP), dipeptidyl peptidase 4 (DPP4), meprin A subunit alpha precursor (MEP1A), prothrombin precursor (F2), hepatocyte growth factor activator (HGFAC), coagulation factor X precursor (F10), and 72 kDa type IV collagenase preproprotein (MMP2) (see Table 4 for detailed bands attribution). Some serine proteases have already been identified as active in the AlF (Kandeil et al., 2014) , such as F2 and F10, which are assumed to be responsible for the cleavage and activation of pathogenic virus in viral culture assay in chicken AlF (Gotoh et al., 1990; Ogasawara et al., 1992; Wanitchang et al., 2010) . Of all these proteases, 4 are known to be digestive enzymes in chicken embryo and/or adult: ANPEP, DPP4, MEP1A, and MMP2 (Packialakshmi et al., 2014; Recoules et al., in press ), which suggests that the allantois may be a digestive organ. In addition, since the AlF pH decreases in the last stages of the development (Boutilier et al., 1977) to reach intestinal pH value, optimal conditions can be found in the allantois for protein pre-digestion. Nonetheless, additional experiments are needed to explore whether these proteases are secreted by the embryo intestine or by the CAM.
On the other hand, 2 additional functions in anatomical structure morphogenesis and blood vessels remodeling have been suggested for both the AmF and AlF proteases identified in the present study. Indeed, MMP2 is involved in feather morphogenesis (Jiang et al., 2011) , while HGFAC participates in the gastrointestinal tract and kidney morphogenesis (Matsubara et al., 1998; van Adelsberg et al., 2001 ). ST14 and ASTL are found in neural tube and are assumed to participate in its closure (Szabo et al., 2009; Acloque et al., 2012) . Furthermore, PLG and F2 and their potential activators, TMPRSS9 and F10, are known to be associated with blood vessels remodeling (Lijnen, 2001; Archiniegas et al., 2004) , as well as MMP2 (Ribatti et al., 1999) . The presence of a well-developed capillary plexus on the CAM could explain their presence in the AlF, but the presence of PLG in the AmF still remains unclear.
It seems that some of these proteolytic enzymes have already been found in the AmF of other species, including human (Cho et al., 2007; Michaels et al., 2007) , supporting the hypothesis of a specific role of these enzymes in the embryonic development, regardless of the species, oviparous or viviparous. Altogether, these data open new horizons to define more precisely the role of extraembryonic structures in the development and the growth of the avian embryo. Table S1 . List of proteins identified by mass spectrometry analysis in amniotic and allantoic fluids at ED11 and ED16, respectively.
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